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Microglia have essential remodeling functions in the CNS, especially in development. Anderson et al. profile retinal microglia across development and show that apoptosis in early postnatal retina promotes a microglia gene signature related to aging and disease, as well as independence from CSF1R signaling for survival.
INTRODUCTION
Microglia, the resident macrophages of the CNS, are dynamic cells with a spectrum of functions during development, aging, and disease (reviewed in Colonna and Butovsky, 2017 and Li and Barres, 2018) . During development, brain microglia progress through stepwise changes in gene expression and chromatin accessibility (Matcovitch-Natan et al., 2016) and gradually acquire a homeostatic gene expression signature (Bennett et al., 2016; Butovsky et al., 2014; Zhang et al., 2014) . This developmental program is partially governed by transcription factors required for microglial identity (Buttgereit et al., 2016; Holtman et al., 2017; Kierdorf et al., 2013; Matcovitch-Natan et al., 2016) and survival and differentiation signals, such as transforming growth factor-b (TGF-b), colony-stimulating factor 1 (CSF1) and interleukin 34 (IL-34) (Bohlen et al., 2017; Butovsky et al., 2014; Buttgereit et al., 2016; Chitu et al., 2016; Gosselin et al., 2014) . The core identity of microglia, distinct from other macrophages, is intrinsic and dependent upon ontogeny (Bennett et al., 2018) . However, environmental factors and functional demands of the CNS heavily influence microglial functional state and gene expression (Bennett et al., 2018; Gosselin et al., 2014; Lavin et al., 2014) . This is strikingly apparent during development, where there is remarkable diversity of microglia phenotype (De et al., 2018; Hagemeyer et al., 2017; Hammond et al., 2019; Li et al., 2019; Wlodarczyk et al., 2017) . But how specific developmental events drive changes in microglial states is largely unknown.
Interestingly, developmental microglia have important functions that parallel microglia in disease (Anderson and Vetter, 2019; Hammond et al., 2018) . Comparisons of aging and disease models have identified a shared gene expression signature for rare disease-associated microglia (DAM), or microglial neurodegenerative phenotype (MGnD), which are characterized by the upregulation of genes involved in phagocytosis and lipid metabolism and concurrent downregulation of homeostatic genes (Holtman et al., 2015; Keren-Shaul et al., 2017; Krasemann et al., 2017) . Many DAM genes are also enriched in transient subsets of developmental microglia but are absent in healthy adult microglial cells (Butovsky et al., 2014; Hagemeyer et al., 2017; Hammond et al., 2019; Li et al., 2019; Wlodarczyk et al., 2017) . These findings suggest the existence of shared mechanisms and roles for microglia in developmental and disease processes that have yet to be fully understood.
The retina is a discrete CNS region with well-defined developmental processes. To link microglial transcriptional states to key developmental events, we profiled retinal microglia from embryonic age to adulthood. We found that microglial developmental gene expression in the retina shares similarities with microglia that are associated with aging, disease, and developing white matter. We provide evidence that this gene expression profile is largely driven by developmental apoptosis and coupled with independence from CSF1 receptor (CSF1R) signaling. In addition, we found that TREM2 modulates the expression of select, but not all, DAM-related genes. Thus, we identify and characterize a population of microglia in the developing retina that may broaden our understanding of microglial function in development, aging, and disease. 
RESULTS

Retinal Microglia Have Distinct Transcriptional Signatures across Development
Microglia are present in the mouse retina as early as e11.5 (Santos et al., 2008) and have important developmental functions (Anderson et al., 2019; Checchin et al., 2006; Frade and Barde, 1998; Huang et al., 2012; Jobling et al., 2018) . They are branched at e12.5 with increasing morphological complexity over time, and a more amoeboid appearance at postnatal day (P)7, ( Figure 1A ). To determine whether retinal microglia follow a stepwise developmental program, we isolated GFP + CD45 + CCR2 À cells from CX3CR1-GFP mouse (Jung et al., 2000) retinas at embryonic day (e)16.5, P7, and adult (P60) by fluorescence-activated cell sorting (FACS) (Figures 1B and 1C) . We performed highthroughput RNA sequencing on purified microglia and whole retinas at each time point (Table S1 ). Principal component analysis verified that gene expression of microglia and whole retina samples varied primarily by age (PC1) and sample type (PC2) ( Figure 1D ). Gene expression was highly correlated between samples of the same type, regardless of age ( Figure S1A ). The sorted microglia samples were enriched for 25 highly expressed or specific microglial genes (Butovsky et al., 2014) compared with whole retina ( Figure S1C ), demonstrating efficient isolation. We identified 2,872 microglia-enriched genes (R20-fold above whole retina) that were differentially expressed (adjusted p value [padj] % 0.05) between any two time points by DESeq2. We then defined 6 gene clusters with varied expression kinetics by K-means clustering (Figures 1E and S1B) . Cluster I genes with high embryonic expression were involved in cell division and DNA repair. Cluster II genes included those associated with cytoskeletal remodeling and exocytosis. Genes with peak expression postnatally (cluster III) included those involved with lipid metabolism, as well as lysosomal and phagocytic function. We saw an emergence of microglia-specific markers postnatally (cluster IV). Genes transiently decreased at P7 (cluster V) included genes involved in apoptosis as well as the microglia specific gene Tmem119. Cluster VI contained adult brain microglia genes, including Mafb, which is important for adult microglial gene expression in brain (Matcovitch-Natan et al., 2016) . Thus, retinal microglia have distinct transcriptional states from embryonic age to adulthood.
To compare with the developmental expression patterns of brain microglia, we analyzed published brain datasets at agematched time points (Matcovitch-Natan et al., 2016) . Starting with raw sequencing data, we selected the same 2,872 genes, organized them by retinal microglia clusters, and further subdivided those clusters by K-means ( Figure 1F ). While some genes had similar developmental expression patterns in retina and brain, the clustering patterns were mostly distinct ( Figure 1F ). We next asked whether retinal microglia express key genes required for brain microglia development and identity. Transcription factors essential for adult homeostatic brain microglia, Mef2a and Mafb, increased from embryonic to adulthood, similar to brain microglia. Other important transcription factors, including Irf8, Runx1, Spi1 (PU.1), and Sall1, were highly expressed by e16.5 and not differentially expressed over time (Figures 1G  and Table S1 ) (Buttgereit et al., 2016; Holtman et al., 2017; Kierdorf et al., 2013) . Several core microglial genes, including Tmem119 and P2ry12, were also expressed ( Figure 1H ). Therefore, retinal microglial identity and development likely requires the same lineage-specific factors as brain microglia, but the varied expression of genes in retina may be due to the influence of local cues.
Postnatal Retinal Microglia Resemble Microglia Associated with Aging, Disease, and Developing White Matter To link retinal microglial gene expression with developmental events, we focused on the postnatal time period, which is characterized by significant remodeling (Silverman and Wong, 2018) . We observed similarities between cluster III, containing genes that peaked at P7, and published datasets of microglia associated with aging and disease (Holtman et al., 2015; Keren-Shaul et al., 2017; Krasemann et al., 2017) and developing white matter (Wlodarczyk et al., 2017) . We compared each of our clusters with the top 500 upregulated genes from these published studies: microglia from developing white matter (CD11c + ) (Wlodarczyk et al., 2017) , DAM genes (Keren-Shaul et al., 2017) , multiple models of aging and disease, and microglia exposed to lipopolysaccharide (LPS) (Holtman et al., 2015) . Cluster III was highly enriched for DAM, aging and disease, and CD11c + signatures but not acute activation signature (LPS) by hypergeometric test (Figure 2A) . To corroborate this, we performed gene set enrichment analysis via GAGE (generally applicable gene-set enrichment) for all genes expressed in the retina factoring in the level of gene expression (Luo et al., 2009 ) ( Figure 2B ). We found that CD11c + , DAM, and aging and disease microglia genes were significantly increased in our dataset from e16.5 to P7 and significantly decreased from P7 to P60. Many DAM-related genes were highly and selectively expressed at P7 (Figures 2C and S2A) . There were 42 genes from cluster III that overlapped with both the top 500 genes altered in aging and disease and the top 500 genes upregulated in CD11c + microglial profiles (Figure 2D ; Table S2 ). Although we found that DAM-related gene expression was particularly high in early postnatal retinal microglia, it was also present, albeit at much lower levels, embryonically. Thus, we asked whether a subpopulation of microglia expresses DAM genes with changing proportions over time, or whether DAMrelated genes are expressed in all retinal microglia with varying levels across development. Since CD11c is highly expressed in DAM, in microglia adjacent to Ab plaques in Alzheimer's disease, and in microglia in white matter of developmental, aged or diseased brains (Kamphuis et al., 2016; Raj et al., 2017; Wlodarczyk et al., 2017; Yin et al., 2017) , we first quantified the proportion (E) Heatmap of scaled fragments per kilobase of transcript per million mapped reads (FPKM) values for differentially expressed genes, organized into 6 clusters. (F) Brain microglia gene expression compared with the clusters in 1E, organized into 18 sub-clusters. (G and H) Mean FPKM ± SEM for microglial transcription factors (G) and transmembrane proteins (H). *padj % 0.05, **padj % 0.01, ***padj % 0.001. See also Figure S1 and Table S1 . Figure 1E ) with upregulated genes from published datasets. (B) GAGE of top 500 upregulated genes from published datasets to all retinal microglia gene counts. ns = not significant. (C) Mean FPKM ± SEM for genes overlapping with disease and aging datasets. *padj % 0.05, **padj % 0.01, ***padj % 0.001. (D) Venn diagram of overlap between cluster III genes from Figure 1E , aging and disease genes, and CD11c + microglia of developing white matter. Figure S2B ). We found that 20% were CD11c HI at 16.5, 60% at P7 and 33% at P60 ( Figure 2E ). To determine whether CD11c HI microglia more highly expressed DAM-related genes, we performed qPCR on sorted CD11c
HI versus CD11c
Lo microglia at P7. Relative to CD11c Lo , CD11c HI were enriched for the DAM-related genes, Lpl and Igf1, and had low expression of Tmem119 ( Figure 2F ). Previous findings in disease report that not all CD11c + microglia are DAM (Keren-Shaul et al., 2017) . Thus, to directly determine the proportion of microglia expressing key DAM genes, we performed in situ hybridization chain reaction (HCR) (Choi et al., 2018) on retinal whole mounts, selecting genes from cluster III that were intersecting with genes in aging and disease microglia (Apoe), in developing white matter CD11c + microglia (Lyz2), or both (Spp1 and Igf1) (see Figure 2D ). We found that Apoe and Lyz2, the most highly upregulated DAM-related genes in our dataset, were expressed in virtually all Cx3cr1 + microglia at P7 (Figures 2G and 2H) . They were only expressed in a subset of retinal microglia embryonically (e12.5 and e16.5), showed peak expression at P3, and were significantly reduced by P14 and P60, consistent with RNA sequencing (RNA-seq) ( Figure 2I ). Only a proportion of Cx3cr1 + microglia expressed Clec7a (64%), Spp1 (25%), and Igf1 (25%) at P7 ( Figures 2J and 2K) . In adult retina, we observed that a small number of Cx3cr1 + cells expressed DAM-related genes (Lyz2, Apoe, Itgax, Clec7a) ( Figures  S2C and S2E ), but many were perivascular (data not shown). In disease, microglia downregulate homeostatic genes, including Tmem119, Siglech, and P2ry12 (Keren-Shaul et al., 2017; Krasemann et al., 2017) . Of these, only Tmem119 was downregulated at P7 according to our sequencing data (cluster V, Figures 1E and 1H ). Only 60% of P7 microglia expressed Tmem119 by HCR ( Figures 2J and 2K) , as compared to almost 100% in adult ( Figure S2E ). HCR also showed that roughly 50%-60% of P7 microglia expressed Itgax, which encodes CD11c ( Figures S2C and S2D ), consistent with our flow cytometry analysis ( Figure 2E ). Itgax cells variably colocalized with Clec7a, Igf1, and Tmem119, but we noted that Tmem119 + Itgax + cells commonly had inverse levels of expression (Figures S2C and S2D) . Therefore, developing retinal microglia are a heterogeneous population, with increased expression of DAM-related genes from embryonic to postnatal periods.
Developmental Apoptosis Promotes Microglial DAMRelated Gene Expression
We hypothesized that developmental death of retinal neurons might be an important driver of this signature since large waves of apoptosis occur during the first postnatal week (Farah and Easter, 2005) , and exposure to apoptotic cells can trigger DAM-related microglial gene expression (Ayata et al., 2018; Krasemann et al., 2017) . Therefore, we analyzed retinas of mice deficient in Bax, a pro-apoptotic gene that is essential for developmental death of neurons in the postnatal retina (Pé quignot et al., 2003) . In non-neuronal cells, Bax is redundant to Bak1 (Degenhardt et al., 2002; Lindsten et al., 2000; Wei et al., 2001) , and Bax is not directly required for microglia activation (Mac Nair et al., 2016) . qPCR on sorted microglia (CD45
Bax knockout (KO) retinas compared with littermate controls revealed a pronounced reduction in expression of DAM genes and a robust increase of Tmem119 ( Figure 3A ). By HCR, we found that the levels of Apoe and Lyz2 were diminished and the proportion of Cx3cr1 + microglia expressing either gene was significantly reduced (Figures 3B and 3D ). Similarly, a reduced proportion of microglia expressed Itgax in Bax KO retinas ( Figures 3C and 3D ), consistent with flow cytometry results ( Figure 3E ). Concurrently, the proportion of Tmem119-expressing microglia increased to 91% ( Figure 3D ). We noted a decrease in total density of microglia at P7 in the Bax KO compared with wild-type (WT) littermate controls by flow cytometry (data not shown; p = 0.001) and by HCR for Cx3cr1 ( Figures 3B and 3C ), but this was likely not due to reduced proliferation since previous reports find limited microglia proliferation in postnatal retina (Santos et al., 2008) . Overall, these findings show that neuronal apoptosis has a significant influence on DAM-related gene expression in postnatal retinal microglia. Next, we sought to identify the pathways driving this signature. Since TREM2 can mediate the phagocytosis of apoptotic cells (Takahashi et al., 2005) and is required for the full acquisition of the DAM signature (Keren-Shaul et al., 2017), we analyzed Trem2 KO retinas. We also examined retinas deficient in Apoe since ApoE is a ligand for TREM2 and is required for expression of select DAM genes in disease (Krasemann et al., 2017) . The proportion of CD11c HI microglia at P7 was slightly, but significantly, decreased in both Apoe ($48%) and Trem2 KO ($43%) retinas relative to WT ($60%) ( Figure 3F ). Consistent with this, qPCR on sorted microglia from both Apoe and Trem2 KO retinas showed diminished Itgax expression ( Figure 3G ). Lpl was reduced in Trem2 KOs and lysosomal gene, Cd68, was significantly decreased in microglia from both KOs, but other DAMrelated genes were not significantly altered ( Figure 3G ). Homeostatic gene, Tmem119, was selectively increased in the absence of Trem2 ( Figure 3G ). By HCR, we confirmed that the proportion of Itgax-expressing microglia was reduced in both KOs ( Figures  3H and 3J ), but the percent of microglia expressing DAM genes (Apoe, Lyz2, Clec7a, Igf1, Spp1) was not dramatically reduced in either KO (Figures 3H and 3J) . Consistent with qPCR ( Figure 3G ), Tmem119 levels and Tmem119 + microglia were increased specifically in Trem2 KOs ( Figures 3I and 3J) . Thus, loss of Apoe slightly reduces the proportion of Itgax-expressing microglia but has little impact on other aspects of DAM gene expression, See also Figure S2 and Table S2 . (G) Log-transformed relative gene expression by qPCR (±SEM) in sorted microglia from KOs relative to WT controls. Apoe KO (n = 3); Trem2 KO (n = 6 except n = 3 for Lyz2, Cd68, Lamp1, and P2ry12); WT (n R 6 except n R 3 Itgax, Lyz2, and Lpl). Two-tailed unpaired t test *p % 0.05, **p % 0.01. ND, not detectable. #, Welch's correction.
(legend continued on next page)
while Trem2 contributes to the downregulation of Tmem119 and upregulation of select genes, including Lpl. Additional pathways, therefore, drive the full gene signature in postnatal retinal microglia.
CD11c HI and DAM-Related Gene Expression in Retinal
Microglia Are Linked to CSF1R Independence We next aimed to deplete postnatal retinal microglia by disrupting the CSF1R pathway. We first used a genetic approach to conditionally delete Csf1r from CX3CR1-expressing microglia, induced by tamoxifen treatment (Cx3cr1cre ERT2 ; Csf1r fl/fl , Rosa tdTomato ). With this approach, we previously achieved a 70% reduction in microglial density in the embryonic retina (Anderson et al., 2019) . Here, we administered tamoxifen to experimental and control littermates at P4 and P6 (and P8 in controls) (Figure 4A) . We observed substantial persistence of retinal microglia in experimental animals with targeted deletion of CSF1R, despite efficient recombination (>95% tdTomato + ) ( Figure 4B ). To corroborate our results, we administered CSF1R inhibitor, PLX3397 (PLX; Elmore et al., 2014) daily from P4 to P6 to CX3CR1-GFP pups ( Figure 4C ). Similarly, at P7, we found persistence of retinal microglia ( Figure 4D ), despite a clear loss of microglia in the brain ( Figure S3A ). We further validated the efficacy of PLX in eliminating retinal microglia by successful depletion in the adult retina (P140) ( Figures S3B and S3C ). PLX-treated P7 retinas had roughly 60% of WT density by flow cytometry, revealing that approximately one-third of microglia were susceptible to inhibition of CSF1R signaling at this age (Figures 4E and 4F) . Persistence of postnatal retina microglia was not due to reduced CSF1R expression since Csf1r mRNA expression was maintained at P7 ( Figure 1H ), and flow cytometry confirmed that CSF1R protein was present on the cell surface in a similar proportion as adult microglia ( Figure S3D ). Although microglia density (CD45 + GFP + ) was reduced by PLX treatment, the proportion of CD11c HI microglia was increased to nearly 90% ( Figure 4G ), suggesting enrichment for this population. To test whether the resilient cells more highly expressed DAM-related genes, we performed qPCR on sorted microglia in vehicle-and PLX-treated animals. PLX-treated microglia had increased expression of Itgax, Lyz2, Cd68, and Lamp1 and reduced expression of Tmem119 and P2ry12 relative to vehicle controls ( Figure 4H ). HCR on vehicle-and PLX-treated P7 retinas found a reduced proportion of microglia expressing Tmem119 following PLX treatment compared with controls ( Figure 4I ). Thus, microglia resistant to loss of CSF1R signaling are preferentially CD11c HI , are enriched for phagocytic genes, and show reduced Tmem119 expression.
To test whether high CD11c and phagocytic gene expression are linked to independence from CSF1R signaling, we administered PLX daily from P4 to P6 ( Figure 4C ) to Bax KO and Trem2 KO pups and quantified the density of microglia at P7 with flow cytometry. Trem2 KO retinas treated with PLX had slightly reduced microglia density (45%) compared with WT PLX treated retinas (59%) but did not reach significance (Figure 4J) , in line with the modest reduction in the proportion of CD11c HI microglia ( Figure 3F ). In contrast, P7 Bax KO retinas, which had a drastic reduction in CD11c HI and DAM-related and phagocytosis genes ( Figures 3A-3E ), had significantly reduced microglial density (22%) compared with both WT and Trem2 KO following PLX treatment ( Figures 4J and S4E ). To validate our flow cytometry data, we confirmed that all GFP + microglia were CD11b + and nearly all CD11b + cells were GFP + , regardless of treatment ( Figures S4A-S4D ). Over 90% of remaining microglia in Trem2 KOs were CD11c HI ( Figure 4K ), which is similar to the enrichment we observed in WT after PLX (Figure 4G) . Notably, the proportion of CD11c HI microglia in Bax KO retina was increased to 47% after PLX treatment ( Figure 4K ), up from 25% without treatment ( Figure 3E ). Altogether, these data suggest the majority of postnatal microglia do not require CSF1R signaling for survival, and this is linked to exposure to apoptotic neurons and the expression of high levels of CD11c and select DAM-related genes.
DISCUSSION
While microglia have emerging roles in developing and adult retina (Anderson et al., 2019; O'Koren et al., 2019; Silverman and Wong, 2018) , we have limited understanding of microglial phenotype and function in this discrete CNS region. We find that retinal microglia are a heterogeneous population with distinctive transcriptional states across development, and that a proportion with peak density postnatally resemble microglia subsets previously identified in aging, disease, and in developing white matter. These findings suggest parallels in the mechanisms governing the molecular properties of microglia across multiple contexts including disease and provides a powerful platform for investigating the pathways involved. There is growing appreciation that microglia share related remodeling functions in development and disease (Anderson and Vetter, 2019; Hammond et al., 2018) , thus the overlap of postnatal retinal microglia with disease-related transcriptional profiles has interesting implications. Recent single-cell analysis of developing brain microglia has confirmed the presence of a distinct subpopulation in developing axon tracts and in proliferative neurogenic regions that is enriched for phagocytic genes and DAM-related genes (Hammond et al., 2019; Li et al., 2019) . While retinal microglia are likely distinct from these other subpopulations, the overlap in gene expression is intriguing, especially since the retina is devoid of oligodendrocytes, myelination, and disease pathology.
The environmental factors driving the expression of these shared DAM-related genes have not been fully elucidated in any context. Here, we provide evidence that apoptotic developmental cell death (Braunger et al., 2014; Pé quignot et al., 2003) is necessary for the DAM-related signature in postnatal retinal microglia. This may occur in other contexts, since microglia in (H) Log-transformed relative gene expression by qPCR (±SEM) in sorted microglia from PLX-treated retinas relative to vehicle controls. WT (n R 8 except n = 5 Cd68, Lamp1, Lyz2, P2ry12); PLX (n = 9 except n = 8 for Itgax, n = 5 Cd68, Lamp1, Lyz2, P2ry12). Two-tailed unpaired t test *p % 0.05, **p % 0.01, ***p % 0.001. #, Welch's correction.
(I) HCR of vehicle-and PLX-treated retinas. Scale bars, 50 mm.
developing white matter tracts phagocytose dying oligodendrocytes in the corpus callosum and cerebellum (Li et al., 2019) , and the introduction of apoptotic cells into adult cortex increases Apoe and Clec7a expression in microglia (Krasemann et al., 2017) . In addition, microglia in the adult cerebellum are exposed to cell death, are phagocytic, and express DAM-related genes (Ayata et al., 2018) . Thus, cell death and phagocytosis may be regulators of microglial gene expression in these diverse settings. Other developmental cues, such as synaptic remodeling or vascularization, may also play a role in the retina since a subset of cells expressing DAM-related genes remain in the Bax KO. Although a direct effect of Bax KO in microglia cannot be ruled out, Bak1 is redundant with Bax in non-neuronal cells (Degenhardt et al., 2002; Lindsten et al., 2000; Wei et al., 2001 ), and we find Bax is not required for microglial loss following CSF1R inhibition. Neuronal apoptosis could have other effects, since in zebrafish brain it is a signal for entry of microglial precursors (Casano et al., 2016; Wu et al., 2018; Xu et al., 2016) , and in quail microglial retina, entry is coincident with peak neuronal apoptosis (Martín-Estebané et al., 2017) . Interestingly, however, Bax is not required for microglial density or migration in the mouse brain (Eyo and Dailey, 2013) . At present, the signaling pathways driving a DAM-related signature in both development and disease are incompletely understood. In disease, TREM2 (Keren-Shaul et al., 2017) and ApoE (Krasemann et al., 2017) are important for the expression of select genes. In developing white matter, neither pathway seems to be required (Li et al., 2019) . Similar to disease, we find that Trem2 mediates Itgax and Lpl upregulation but promotes the downregulation of Tmem119. Aside from CD11c (Itgax) regulation, loss of Apoe did not phenocopy the loss of Trem2, but TREM2 is a receptor for several lipids including exposed phosphatidylserine (Takahashi et al., 2005) . Importantly, microglia can utilize a diverse array of other pathways to recognize and engulf dying cells, including MFG-E8 and TAM receptors, such as MerTK (Arandjelovic and Ravichandran, 2015) . However, it remains unclear whether the modest change in DAM-related gene expression with loss of Trem2 is due to reduced phagocytosis of apoptotic cells or other mechanisms, such as synaptic pruning (Filipello et al., 2018) . Importantly, we find significant heterogeneity within microglia expressing DAMrelated genes. We identify low and high expressers of CD11c and find variable levels of Clec7a, Spp1, and Igf1, which may delineate subpopulations of DAM-related cells with diverse phenotypes. Future work will define other molecular pathways regulating the DAM-related gene signature in the retina and determine potential differences with disease contexts.
Of significance, we find this signature is linked to CSF1R independence. CSF1R is a receptor tyrosine kinase important for microglial development and survival (Chitu et al., 2016) and the ligands, CSF1 and IL-34, are supplied by microglia and neurons respectively (Nandi et al., 2012) . Loss of CSF1R signaling results in a near complete depletion of microglia, both in development and adulthood (Waisman et al., 2015) . Here, we found that the majority of microglia persist after conditional KO or inhibition of CSF1R in the postnatal retina (see also Kuse et al., 2018) . It is unlikely that CSF1R inhibition is altering microglial proliferation since few microglia in the postnatal retina are proliferating (Santos et al., 2008) , consistent with low postnatal expression of proliferation genes in our sequencing data. In adult, peripheral monocytes expressing low CSF1R populate the retina after ocular injury, engraft permanently, and are resistant to CSF1R loss (Paschalis et al., 2018) . In brain, at perinatal stages there is infiltration of monocytes from fetal liver, but these cells are rapidly eliminated and do not contribute to the adult microglia population (Askew and Gomez-Nicola, 2018). However, in postnatal retinal microglia, we find no evidence for gene expression characteristic of peripheral cells, have excluded CCR2 + cells from our RNA sequencing, and observe high expression of Csf1 and CSF1R. Notably, we find microglia that persist after CSF1R inhibition are CD11c HI and more highly express lysosomal genes, suggesting that more phagocytic cells may be less dependent upon CSF1R for survival. Concurrently, we observed a pronounced reduction in expression of homeostatic genes, Tmem119 and P2ry12, suggesting that more ''homeostatic'' microglia may be more dependent. Consistent with this, Bax KO microglia with reduced DAM-related expression and increased homeostatic gene expression were more susceptible to CSF1R inhibition. It is unclear whether subpopulations with varying dependence on CSF1R exist. It is intriguing to speculate that microglia expressing similar genes in other contexts may be resistant to CSF1R loss, especially since many studies do not achieve 100% depletion (Dagher et al., 2015) . Future experiments will determine the mechanisms behind CSF1R independence and whether microglia shift their dependence to another factor for survival. Our data provide clear evidence for heterogeneity and dynamic regulation of microglia developmentally. These findings broaden our understanding of microglial transcriptional states across CNS regions and demonstrate parallels in development, aging, and disease, which has implications for our understanding of microglial phenotype and function in diverse contexts.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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STAR+METHODS KEY RESOURCES TABLE
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal husbandry and procedures All animals were treated within the guidelines of the University of Utah Institutional Animal Care and Use Committee (IACUC) and all experiments were IACUC approved. Mice were housed in an AAALAC accredited animal facility with 12h light/12h dark cycles and ad libitum access to food and water. Both sexes were used for all experiments. Information on the ages of mice used for each experiment can be found in the figures/text. Timed matings were used to determine embryonic stages. The morning a plug was detected was considered embryonic day 0.5. 10mg/ml tamoxifen (Sigma-Aldrich, T5648), dissolved in corn oil (Sigma-Aldrich, C8267) was administered to pups by intraperitoneal injection on P4, P6, and sometimes P8 at 0.25mg/g body weight. PLX3397 (AdooQ BioScience, A15520) was dissolved in corn oil and 10% DMSO and administered to postnatal pups by intraperitoneal injection on P4, P5, and P6 at 0.25mg/g body weight. Adult administration of PLX3397 was given at 290mg/kg BW once daily for 4 days by oral gavage. Mice were euthanized by isoflurane asphyxiation followed by cervical dislocation. 
Mouse strains
METHOD DETAILS Tissue Processing
Following euthanasia, retinas were dissected in ice cold 0.1M PBS. Whole heads were fixed in 4% PFA for 45 minutes to an hour. Heads were washed 3 times for 15 minutes in PBS and underwent 12-16 hour consecutive treatments with 15% and 30% sucrose in PBS at 4 C. Heads were then embedded in OCT compound (Tissue-Tek), stored at À80 C, and sectioned at 16mm thickness. For retinal whole mounts, eyes were removed from the head and retinas were carefully dissected from the rest of the eye (cornea, lens, RPE, hyaloid vasculature, vitreous, ciliary body) in ice cold PBS. Whole neural retinas were washed in PBS for 10-20 minutes and then fixed in 4% PFA for 15-30 minutes at room temperature with rocking. For RNAase-free dissections for qHCR, FACs, and whole retina RT-qPCR, retinas were carefully dissected in RNase free conditions using ice cold, sterile RNase-free PBS, removing all non-neural eye tissue (ciliary body, pigmented epithelium, vitreous including hyaloid vasculature at embryonic stages).
Immunohistochemistry
Frozen sections were placed in ice cold PBS for 10 minutes, blocked for 1 hour at room temperature (0.2% triton-X, 10% BSA, 10% normal donkey serum in 0.01M PBS), then incubated in primary antibody overnight at 4 C in (0.2% triton-X, 5% BSA in 0.01M PBS). The following day, sections were washed 3X with PBS and incubated in secondary antibodies (5% BSA in PBS) for 2 hours at room temperature, washed, and mounted with Vectashield mounting medium with DAPI (H-1200, Vector Laboratories). For whole mount immunostaining, retinas were incubated in primary antibody at 4 C for 3 days. Antibody details in table.
In situ hybridization chain reaction (HCR) Wholemount retinas were fixed overnight in 4% PFA in 4 C. Retinas were washed and dehydrated in methanol at 25%, 50%, 2X 100% for 15 minutes each, stored in 100% methanol overnight at 4 C and À20 C long term. In situ hybridization was performed as published (Choi et al., 2018 ) using v3.0 reagents from Molecular Instruments (https://www.molecularinstruments.com). Briefly, samples were rehydrated using (75% Methanol/25% PBST, 50% Methanol/50% PBST, 25%, Methanol/75% PBST, 2X 100% PBST), treated with Proteinase K, and post fixed 20' at room temperature (RT) in 4% PFA, and washed 3x with PBST. Pre-hybridization was performed in 30% probe Hybridization buffer for 30 minutes at 37 C, and retinas were placed in hybridization buffer at 37 C overnight. Retinas were washed, placed in amplification buffer for 30 minutes at room temperature. Separately, hairpins used for amplification were denatured at 95 C for 90 s and cooled to RT for 30 minutes. Retinas were placed in amplification buffer with hairpins at room temperature in the dark overnight. Retinas were washed, DAPI stained, and mounted on slides. 10 probes per gene recognizing all transcript variants for each of Cx3cr1, Itgax, Lyz2, Apoe, Igf1, Spp1, Clec7a and Tmem119 were generated by Molecular Technologies/Instruments. For Cx3cr1-GFP knockin mice, the fluorescent signal represents detection of Cx3cr1 mRNA by HCR and GFP fluorescence which persists through the procedure.
Confocal Microscopy
Confocal images were acquired on an inverted Nikon A1R Confocal Microscope. Images were acquired at 20X objective with a 3X digital zoom. Multi-points were stitched with a 10% overlap. Images of retinal whole mounts were 144 multi-point images (on average) for whole retinal images and 18 multi-points for HCR analysis. Stacks through the Z plane were at 0.8mm steps of about 30mm thickness at 0.2mm pixel resolution. Wholemount retina images represent max projections of inner retina (inner plexiform layer 
Sorted microglia RT-qPCR
Retinal microglia were sorted directly into RLT buffer (QIAGEN). Samples were frozen at À80 C until extraction. RNA was extracted using an RNeasy Micro Kit (QIAGEN, 74004) . First strand cDNA synthesis was performed using the SuperScript III First Strand cDNA synthesis kit (Invitrogen,11752) . Quantitative real-time PCR was performed using SYBR Select Master mix (Applied Biosciences, 4472908) and run on the 7900 HT Fast Real-Time PCR system with QuantStudio 12K Flex software (Applied Biosystems) at the University of Utah Genomics Core. Oligonucleotides were synthesized by the DNA/Peptide Facility, part of the Health Sciences Center Cores at the University of Utah. Relative quantification was determined by DDCt using the QuantStudio Software. Genes of interest were normalized to Beta Actin. All qPCR graphs are log 2 of relative expression compared to control with error bars representing the SEM of the delta Ct values. Primers were designed using Primer-BLAST software and when possible, primers spanned large introns to avoid genomic amplification.
Fluorescence-Activated Cell Sorting (FACS) and Flow cytometry Except for RNA sequencing, we pooled 2 retinas from an individual animal for each sample for Flow and FACs. Freshly dissected pure retinas were dissociated in PBS, 50 mM HEPES, 0.05 mg/ml DNase I (Sigma D4513), 0.025 mg/ml Liberase (Sigma 5401119001) for 35 min with intermediate trituration. Cells were passed through a 70 mm nylon cell strainer, washed with staining buffer (1X PBS, 2% BSA, 0.1% sodium azide, 0.05% EDTA), and red blood cells were lysed (eBioscience 00-4333-57). Cell counts were determined using a cell counter (Invitrogen Countess) and Fc block (BD Biosciences 553142) was added at 2 mL per 10 6 cells. Antibodies were applied for 30 min on ice (details for each in table). Cells were washed, pelleted, and resuspended in 500 mL staining buffer. FACS was performed using a BD FACS Aria cell sorter at the University of Utah Flow Cytometry Core. Forward and side scatter were used to eliminate debris and the height and area of the forward scatter was used to discriminate singlets. For Flow Analysis, roughly 1 million singlet events (300,000 in rare cases) were recorded for flow analysis using FlowJo software (Flowjo, LLC, Ashland, Oregon). The proportion of CD11c populations were analyzed gating on live CD45 + CD11b + or GFP + cells. Unstained dissociated retina was used as a negative control to set gates.
RNA sequencing GFP + , CD45 + , CCR2 -were sorted directly into RLT buffer (QIAGEN 79216) and stored at À20 C. Three biological replicates of retinal microglia were collected for each age. 1-2 litters were pooled for each sample at e16.5 for roughly 7400, 6800, and 4310 cells each, 5-12 retinas were pooled for P7 for 13292, 5300, and 4000 cells each, and 7-14 retinas were pooled for P60 for 9600, 2600, and 2200 cells each. RNA from sorted cells was purified using an RNeasy Plus Micro kit (QIAGEN 74034). The University of Utah HighThroughput Genomics Core ran Agilent High Sensitivity RNA ScreenTape Assay, generated cDNA libraries using the NuGEN Ovation RNA-seq System v2 for ultra-low input samples, and prepared individual bar-coded RNA-seq libraries for each sample. An Illumina HiSeq 2000 was used to sequence each sample and roughly 20-30 million reads per sample were obtained. Whole retina samples (central retina for e16.5) were purified with the RNeasy Plus Mini kit (QIAGEN 74134) and assayed with Agilent High Sensitivity RNA ScreenTape. High quality RNA samples were transformed into sequencing libraries with TruSeq Stranded RNA Kit with Ribo-Zero Gold (Illumina RS-122-2301 and RS-122-2302 ) and applied to HiSeq v4 and a 50 cycle single-read sequence run was performed .
QUANTIFICATION AND STATISTICAL ANALYSIS
Image Analysis For HCR images, roughly 0.7 mm 2 (3x6 tiles) was analyzed from the central retina just adjacent to the optic nerve head, to the mid periphery. Images were max projected and roughly 30mm thick, spanning the nerve fiber layer to the inner nuclear layer, focusing on the inner retina where the majority of microglia reside. Manual counts were performed using Nikon Elements software (Melville, NY) Bioinformatics QC analysis of Fastq files was performed using FastQC (v0.10.1, https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) with support from the University of Utah Bioinformatics core. Fastq files were aligned to ensembl Mus musculus cDNA annotation (release 92) with salmon (v0.9.1, Patro et al., 2017) . The alignments were compiled with tximport (v1.8.0), and analyzed with DESeq2 (v1.20.0) in R (v.3.5.1) (Love et al., 2014; Patro et al., 2017; Soneson et al., 2015) . Genes were excluded from downstream analysis if they did not have at least 10 reads in at least one of the 14 retinal microglia or whole retinal datasets.
Principal component analysis was performed using the 500 most variable rlog-transformed genes, and the Spearman correlation was calculated based on all transformed genes. For clustering analysis, a list of 2872 differentially expressed and microglia-enriched genes was generated. We included genes that are differentially expressed (padj % 0.05) in sorted microglia between any two time points: e16.5, P7, or P60. We also excluded genes that were expressed R 20-fold higher in whole retina samples compared to sorted microglia at any age. This was done to exclude any genes that are differentially expressed in the microglia samples due to contamination of genes from other retinal cells. K-means clustering was performed on this gene list using the scaled average FPKM values from each time point, with the optimal number of clusters determined by an elbow plot of within group sum of squares. The hypergeometric distributions were generated with the enricher function from clusterProfiler (Yu et al., 2012) and gene set enrichment analyses were performed with GAGE (Luo et al., 2009 ). Brain microglia Fastq files were obtained (GEO: GSM2104052, (MatcovitchNatan et al., 2016) and processed as described above. Three sub-clusters were generated within each of the six retinal clusters by Kmeans clustering.
All bar graphs showing FPKM represent the average FPKM values for each condition ± standard error of the mean (SEM). Statistical significance of differential expression was determined by DESeq2 using Benjamini-Hochberg correction (padj).
Statistical Methods
Detailed statistical information can be found in the figure legends, including tests used, number of n, and precision measures. All qPCR, image, and flow data were analyzed using Prism 8 software (GraphPad, La Jolla, CA) . All data were first tested for normality using the Shapiro-Wilk test. For all t tests, we applied the Welch's correction if the two samples had unequal variances determined by an F-test. We ran the Brown-Forsythe one-way ANOVA with posthoc Games-Howell's multiple comparison's test if the standard deviations were significantly different by a Bartlett test. For all data is presented as the mean with error bars indicating the standard error of the mean, SEM. We used a 95% confidence interval and a p value of < 0.05 was set for rejecting the null hypothesis.
DATA AND SOFTWARE AVAILABILITY
The sequence data reported in this publication have been deposited in NCBI's Gene Expression Omnibus (GEO). The accession number for this sequence data is GEO: GSE123757. Comparison of genes from Cluster III ( Figure 1D ) to developmental and disease datasets 
